In order to detect loci specifically related to pollen-style interaction in maize, linkage analysis to RFLP markers was performed on a population of recombinant inbred lines, the pollen of which was used to pollinate female plants of two different genotypes: the F1 from which the recombinant inbred population was derived ('self female') and a genetically unrelated hybrid genotype ('cross female'). Besides pollen grain germinability and pollen tube growth rate on the two females, pollen general competitive ability and pollen specific competitive ability for both traits were evaluated, following the procedure used to estimate general and specific combining ability, applied to the pollen-style genetic combination instead of to the hybrid genetic combination. A clear advantage of recombinant inbred line pollen, in terms of germination and early growth, was revealed on self female tissues whereas an inverse effect was detected for tube growth rate: tube growth, until fertilization, was faster on the female of unrelated genotype. Linkage analysis to molecular markers (RFLP) of germinability and of tube growth rate on the two stylar genotypes identified nine QTLs for the first trait on the self and eight on the cross female; four chromosome regions for tube growth rate were detected on the self and 11 on the cross style. Most of the general competitive ability effects were localized in the regions where QTLs for germinability or pollen tube growth were detected, in particular on the cross female; on the contrary, most of the loci for pollen specific competitive ability effects proved to be localized in different chromosome regions.
Introduction
The reproductive success of a pollen grain, its fertilization ability, is the result of many adaptive characteristics: pollen genotypes having efficient microspore development, and hence good viability, high percentage and speed of germination and high tube growth rate, will compete successfully against other pollen grains to fertilize the ovule (Ottaviano & Mulcahy, 1989) .
The postshedding components of pollen competitive ability, pollen germination and tube growth, are very sensitive to, and dependent on, the environment (Brewbaker & Kwack, 1963; Jennings & Topham, 1971 ). Germination ability is controlled, even in compatible species, by a complex system of signalling, precluding hydrating and tube extrusion until grains have landed on a stigma (Dickinson, 1993) . Pollen tube growth is relatively independent of stylar nutrients only during the first phases of growth; subsequently, pollen function can be strongly affected by the female tissues *Correspondence 62 in which it grows, and that can act as a sieve, favouring the more competitive gametophytes. In maize, the establishment of a metabolic interaction between pollen and style is expected for physiological reasons: because of the difference between pollen diameter (90-100 sum) and tube length (20 cm or more) (Heslop-Harrison, 1987; Ottaviano & Mulcahy, 1989; Sari-Gorla & Frova, 1994) .
In some cases the biological bases of these effects has been ascertained; in Leucaena leucocephala stigmatic inhibition of pollen grain germination when the pollen grains are less than a critical number in the stigma is due to a pH-dependent proteinaceous inhibitor, active at the stigmatic pH (Ganeshaiah & Uma Shaanker, 1988) . In peach, pollen tube growth has been related to changes in the pistil structures which the pollen tube has to pass through on its way from the stigma to the ovule: starch, present all along the stylar tract at anthesis, vanishes as the pollen tubes pass by, indicating that the pollen tube growth is heterotrophic (Herrero & Arbeloa, 1989) .
The genetic control of the pollen-pistil interaction is fundamental in the determination of the reproductive system of the plants: it can produce the extreme situation of exclusive cross-fertilization as well the opposite condition of reproductive isolation. These cases, the first in particular, have been extensively investigated (see Clarke & Newbigin, 1993, for review) , whereas information concerning the phenomenon in self-compatible species is scarce. The genetic basis of pollen-style interaction has been demonstrated in different species (Gawel & Robacker, 1986; Pedersen, 1988) and in maize (Pfahler, 1967; SariGorla et a!., 1976; Ottaviano et a!. 1980 Ottaviano et a!. , 1983 , but few specific genes directly involved in its control have been identified. In vivo pollen growth exhibits quantitative variability (Sari-Gorla et al., 1992) ; thus the approach we adopted to detect loci specifically involved in the control of pollen-style interaction in maize was based on the use of molecular markers to analyse pollen function in different biological environments. RFLP analysis for pollen competitive ability was performed on a population of recombinant inbred (RI) lines; pollen from each RI line was used to pollinate female plants of two different genotypes: the F from which the RI population was derived and female plants genetically unrelated to the pollen source.
Materials and methods
Linkage analysis to RFLP markers of pollen traits was based on a set of 44 recombinant inbred lines (Pd), kindly supplied by B. Burr, obtained from inbreds T232 and CM37 and typed for 200 RFLP loci (Burr et al., 1988) .
Crossing design and pollen trait evaluation Pollen of each RI line was used to pollinate two different hybrid genotypes: the first was the F1 between the parents T232 and CM37, henceforth indicated as 'self female', and the second was a A632 X Mo17 hybrid, genetically unrelated to the pollen source and indicated as 'cross female'. Five pollinations for each RI line were made on each female on the same day, and the experiment was repeated for 2 days. Thus, 10 ears per female and per pollen source were produced.
Two pollen traits were evaluated: pollen germinability and early growth, and late pollen tube growth rate, up to fertilization. The pollen characters were measured in vivo by means of a mixed pollination technique: equal amounts of the pollen to be tested and the pollen of a standard genotype (W22), carrying a genetic marker for coloured aleurone, were mixed and used to pollinate a female plant. Because the style length in maize varies according to the position of the flowers on the ear, increasing from the apex to the base, relative pollen tube growth rate (PTGR) can be expressed as the increase of the proportion of uncoloured kernels on the resulting ear: each ear was divided into four or five segments eight kernels long, according to their length, on which the proportion of uncoloured kernels was computed. The proportion of uncoloured kernels in the apical segment of the ear gives a measure of pollen germinability (in terms of time and rate) and of early tube growth, which will be referred to as pollen grain germination (PGG).
Analysis of trait variability
Analysis of variance (ANOVA) was performed on both PGG and PTGR. Because the data produced are binomial proportions and the number of observations for each of them, although very high (about 500), was not constant, the vector of observed proportions was linearly transformed by means of an operator matrix, in which rows correspond to the orthogonal polynomial coefficients that define the linear component (Ottaviano et al., 1988) . The variables generated in this way allowed the evaluation of PGG as expected values in the first segment, before transformation, and PTGR as the regression coefficient of the uncoloured kernel proportion on the ear segments, after the transformation. Both of these variables were submitted by SAS GLM procedure (SAS, 1985) to a weighted least squares analysis, the weights being the reciprocals of the proper variances.
Evaluation of pollen general and specific competitive ability
The phenotypic values for both traits were partitioned into general and specific competitive ability (pollen general competitive ability, PGCA, and pollen specific competitive ability, PSCA): the procedure was that used to estimate general combining ability and specific combining ability, but in this case, instead of hybrid genetic combinations, pollen-style genetic combinalions were considered (Ottaviano et a!., 1980). Accordingly, PGCA, the mean performance of a genotype, was expressed as the deviation from the overall mean of the RI lines, and PSCA was computed as the deviation of a specific pollen-style combination from the mean values of the male and the female genotypes.
QTL analysis
The detection of the chromosome segments carrying loci affecting the trait components' variability was carried out on eight characters: PGG on the two females, PTGR in the two stylar tissues, and PGCA and PSCA for both the traits.
The association between the expression of each trait and the molecular markers was detected by a one-at-atime marker analysis, comparing the marker class phenotypic means by: (i) one-way weighted analysis of variance, and (ii) weighted linear regression. The dependent variables were: PGG and PTGR mean predictions, classified by male and by female genotype, obtained on the basis of the ANOVA model; PGCA and PSCA effects for each character. For the ANOVA, the classification of genotypes was 1,2 (homozygous for CM37 or T232 alleles) or 1.5 (heterozygous locus). The weights were calculated from standard errors. In this analysis two or three levels of classifying factor were present; for the cases with three groups, the sum of squares for main effects was subdivided into two components: linear effects and quadratic effects. For the analysis of regression, the allelic composition of the molecular marker was taken as regressor, assuming the value of 1, 2 or 1.5 as defined for ANOVA. A significant effect in ANOVA or a significant regression is interpreted as an indication that a quantitative trait locus (QTL) is closely linked to that RFLP locus.
All the computations were made by SAS GLM procedure.
In order to avoid false assignments, for each trait component the correlation matrices between the allelic values of all the restriction loci giving a significant result were computed, and only uncorrelated markers were retained. In fact, a cluster of significant markers does not necessarily indicate the presence of a corresponding number of QTLs, and may be due to linkage between one QTL and many flanking markers. Moreover, loci on different chromosomes may be correlated as a result of random drift occurring during the generations of inbreeding involved in the RI line construction. The cumulative contribution of the identified QTLs to the character variability was evaluated by multiple regression, including in the model all the significant, uncorrelated loci.
The statistical approach adopted, consisting •of a 'guided' stepwise regression, was chosen because a multiple regression procedure might yield results not easily explained in terms of a genetic model (Dudley, 1993) .
Results

Pollen-style interaction
The ANOVA results, not reported here for the sake of brevity, confirmed the high variability of PGG and PTGR in the RI lines (Sari-Gorla et a!. 1992), and indicated a highly significant difference in their performance on the two females with regard to both traits.
In particular (Fig. 1) , PGG was much higher on the self than on the cross female. As the trait was evaluated in relation to a tester line, the expected value, in the absence of a competitive advantage of one pollen type over the other, is around 50 per cent; however, this proportion was higher than expected on the self female and lower on the cross female. Opposite results were obtained for PTGR: its mean value was negative, meaning that the competitive ability of the tested pollen was lower than that of the standard line in the self combination, but was positive on the cross stylar tissues, where the pollen of RI lines was more competitive than the standard. It appears that RI pollen is very well adapted for germination and early growth on styles of similar genotype whereas, during the later stages of its function, it is more competitive on stylar tissues of unrelated genotype, indicating that a positive interaction is established between pollen and pistil of different genetic origins.
Correlation (not shown) between PGG on self and on cross females was significant and positive, as also between PTGR in the two stylar environments (Fig. 1 ).
This indicates that the advantage in PGG in self combination and the disadvantage in PTGR in cross combination are similar for all the RI line set, and that the differences between line performances are maintained in both situations. This was confirmed by the correlation between PGG and PTGR values within females, which was significant and negative, indicating that the lines performing better during early growth are less competitive in the later stages of pollen function, and vice versa.
Marker-associated 0 TLs
The study of association between RFLP loci and QTLs controlling the traits was carried out by ANOVA and regression analysis. The sums of squares for regression are the same as for linear effects in ANOVA, but the F values are different because in ANOVA quadratic effects are also taken out of the sums of squares. The analysis of regression reveals as significant only those loci for which the means for different genotypes are distributed linearly; for the same loci, ANOVA shows significant main effects and significant linear effects. In Fig. 2 RFLP analysis of pollen grain germinabiity (PUG) evaluated on self female (*) and cross female (.), of PGG general competitive ability (A ) and specific competitive ability (U). Horizontal bars indicate the degree of correlation between significant marker loci and the expression of the trait. In the case of loci significant for more than one trait, the bar is relative to the highest R2. The numbers refer to chromosomes. See text for more detailed explanations. Horizontal bars indicate the degree of correlation between significant marker loci and the expression of the trait. In the case of loci significant for more than one trait, the bar is relative to the highest R2. The numbers refer to chromosomes. See text for more detailed explanations. H . addition, ANOVA detects the loci with nonadditive effects because of the significant quadratic effects, thus providing more information than regression. However, we chose to perform a well-protected analysis, considering as important only those loci revealing both a significant linear effect in ANOVA and a significant regression.
Figures 2 and 3 report the chromosomal localization of QTLs involved in PUG and PTGR determination, respectively, detected by RFLP analysis on the basis of their significant association with the molecular markers, on the basis of the restrictions described above. The bars indicate the coefficient of determination, i.e. the proportion of the phenotypic variability of the trait explained by allelic substitution at the individual molecular marker; a bar to the left indicates a negative coefficient of regression, a bar to the right a positive one. In the first case, the allele increasing the trait is carried by the parental line CM37, in the second by the T232 line. As more than one marker will appear to be significantly associated with only one QTL, because of linkage, the putative presence of only one QTL is inferred for each cluster of significant markers; moreover, only loci not correlated with markers on other chromosomes were considered.
In classical quantitative genetics, inbred lines are evaluated according to how they perform in different hybrid combinations. The mean performance of a line is indicative of its general combining ability, the deviation of performance of a particular cross from the average of the two parental lines is the specific combining ability of that cross (Falconer, 1989) . Pollen tubes within a style, like the parental genome in an F1 hybrid, represent an interacting combination which was analysed, according to the concepts of general and specific competitive ability, with regard to both PGG and PTGR.
The analysis of association between PGG expression and the allelic composition at the restriction loci revealed 21 significant loci on the self female and 30 on the cross (Fig. 2 Fifteen molecular markers were significantly associated with PGCA and 15 with PSCA effects related to PGG, the R2 values of which ranged from 0.10 to 0.25. Five regions were detected where pollen GCA effects are located; all of them coincide with regions where QTLs for PGG were detected in the cross female.
Instead, most of the PSCA loci were located in positions not associated with other QTLs.
In Fig. 3 the chromosomal location of QTLs involved in PTGR determination is indicated. The density of significant loci detected revealed a noticeable difference whether pollen grew into self stylar tissues or in cross combination (Table 1) Sixteen significant associations were observed between molecular markers and PGCA and four between markers and PSCA. Of the six regions revealing the presence of PGCA effects, five were the same detected for PTGR in the cross female. One region was common to all the trait components, two QTLs for PSCA effects were expressed on the cross female also, but four were exclusively for specific effects. Table I Number of significant loci detected by RFLP analysis, range of respective R2 values, number of putative QTLs (uncorrelated loci) and total R2, including only uncorrelated loci, for PGG and PTGR measured on self and on cross females, pollen general competitive ability (PGCA) and pollen specific competitive ability ( Table 1 reports the values of total R2 for each trait: this measures the amount of phenotypical variability explained by QTLs linked to the marker loci included in the model. The values were rather high, except for PGG evaluated on the cross female and PTGR on the self female, indicating that most of the QTLs involved in the trait control and segregating in the population had been detected.
Discussion
A clear advantage of the pollen from RI lines, in terms of germination and early growth, was revealed on self female tissues whereas an inverse effect was detected for tube growth rate: subsequent tube growth, up to fertilization, was better on the female of unrelated genotype. It has to be borne in mind, however, that all the data have been obtained relative to a standard line, W22. Thus, when considering pollen performance of the RI lines relative to other tester lines, different QTLs and different behaviours of self and cross pollen could be observed.
In general, the data so far published with regard to the genetic control of the pollen-style interaction are in favour of a tendency toward assortative mating. The results of an experiment designed to test the effect of pollen-style interaction in maize (Ottaviano et a!., 1983) by comparing the pollen competitive ability of self pollen with that of cross pollen, indicated that when divergent genotypes are competing in the same style, the interaction with the maternal tissues favours, on the whole, assortative mating, even though the best pollen-style combinations are cross combinations.
Similar results have been obtained in pearl millet; gametophytic competition between five different genetic stocks revealed that auto-pollen had a better competitive ability than various types of allo-pollen (Sarr et a!., 1988) . Moreover, intergametophytic competition between pollen from wild and cultivated plants on stigmas of both wild and cultivated plants, produced preferentially wild-wild and cultivatedcultivated gamete associations (Robert eta!., 1991). Our results, indicating an opposite advantage for PGG and PTGR in self and in cross combination, suggest a buffering effect of the components of the system controlling pollen competitive ability, and could explain the lack of isolation due to this tendency in maize populations. In this experiment the segregating alleles from only two genomes were analysed (those of the parents of the RI population); however, the data suggest that the specific adaptability of the pollen for the stylar tissues of the plant for which it was selected during inbreeding favours PGG on the female of similar genotype; on the other hand it appears that physiological complementation between pollen and style of different genotypes favours PTGR on genetically divergent stylar tissues.
RFLP analysis of PGG and of PTGR on the two stylar genotypes identified nine and eight QTL5 for PGG on the self and on the cross female, respectively, whereas four and 11 were detected in the case of PTGR. The corresponding coefficients of determination, high for PGG on the self and for PTGR on the cross female, low for PGG on the cross and for PTGR on the self female, indicated that more QTLs involved in the first stages of pollen function are expressed on the self female whereas factors controlling later tube growth are revealed on the cross female. Moreover, when considering the data, the statistical procedure adopted here for the detection of QTLs should be taken into account: because it is very conservative, it is possible that the number of QTLs has been underestimated.
Most of the PGCA effects map in the regions where QTLs for PGG or PTGR were detected, especially on the cross female. Some loci for PSCA effects were localized in regions already identified, but most of those concerning PTGR proved to be localized in different, not previously detected, chromosomal regions. The parameter estimated as pollen GCA is the mean tube growth rate of one pollen type in different stylar environments and measures the mean effect of the male genotype; factors conferring general adaptive features appear to be expressed when pollen germinates and grows in a genetically divergent environment. QTLs controlling specific pollen-style interaction effects were detected by means of the association between molecular markers and PSCA, the deviation of that particular pollen-style combination from the mean performance of the male genotype and from the mean performance of all the genotypes on that female plant genotype. Our data allowed specific genetic factors controlling pollen-pistil interaction to be identified, which do not coincide with genes In a previous experiment (Sari-Gorla et a!., 1992), using the same RI population, the QTLs controlling pollen competitive ability were studied on the same A362 x Mo17 hybrid (cross) female. Nearly all the chromosomal regions carrying QTLs for PGG or an overall stability of the characters in terms of environmental and random effects; this was expected on the basis of the high values of heritability revealed by both traits: h2=0.77 for PGG and h2=0.71 for PTGR (Sari-Gorla et a!., 1992). However, some RFLP loci which did not reveal a significant association with pollen traits in the first experiment, did in the second (for instance those on chromosome 1), and vice versa; this can be interpreted as resulting from genotypeenvironment effects, which appear to be capable of modulating the degree of gene effects.
The genes directly involved in the control of maize pollen-style interaction so far identified can be classified into different categories. Pollen bearing the recessive allele at a Gametophytic factor locus (ga) is at a great disadvantage when competing with pollen carrying the dominant allele (Ga) on stylar tissues where the same dominant allele is present, but not on recessive homozygous gaga styles (Nelson, 1952 (Nelson, , 1994 . The reduced seed set (RSS) phenomenon (Rashid & Peterson, 1992 ) is based on a three-gene recessive system: when the female parent is homozygous recessive for one gene (cif locus), and when the male parent is homozygous recessive for two different genes (cimi and cim2 loci) a reduced seed set is produced whereas the reciprocal cross is compatible. However, the precise map position of both Gametophytic factors and RSS genes is still uncertain, because of the difficulty of finding genetic markers closely linked to these genes. Many of the regions where Ga factors have been tentatively mapped correspond to those where many QTLs for the different components of pollen competitive ability appear to be located. In the absence of alleles with major effects, many QTLs with minor effects, such as the ones we have identified, can modulate the results of pollen competition.
